proteins in axonal transport and the isolation of kinesin based on video microscopic assays of movement (Brady, 1985; Vale et al., 1985) . From a structural point of view, the major breakthrough was the recent X-ray analysis of the head domains of kinesin and the related Kull et al., 1996; Sablin et al., 1996) . The protein has the architecture of an ␣/␤ protein, with a Germany † European Synchrotron Radiation Facility central ␤ sheet sandwiched between three ␣ helices on either side. The structure showed a surprising similarity F-38042 Grenoble France to other nucleotide-binding proteins such as G proteins (e.g., the GTP-binding domains of p21 ras , G␣, or elongation factor Tu) or the ATP-binding domain of myosin. In particular, the homology with myosin sparked expectaSummary tions that the two motor proteins might exhibit a similar mechanism of motility. There was, however, one missing The dimeric form of the kinesin motor and neck dolink: the lever, an ␣-helical neck domain, was clearly main from rat brain with bound ADP has been solved visible in the myosin structure, but absent from the by X-ray crystallography. The two heads of the dimer kinesin or ncd structures, presumably due to disorder.
, G␣, or elongation factor Tu) or the ATP-binding domain of myosin. In particular, the homology with myosin sparked expectaSummary tions that the two motor proteins might exhibit a similar mechanism of motility. There was, however, one missing The dimeric form of the kinesin motor and neck dolink: the lever, an ␣-helical neck domain, was clearly main from rat brain with bound ADP has been solved visible in the myosin structure, but absent from the by X-ray crystallography. The two heads of the dimer kinesin or ncd structures, presumably due to disorder.
are connected via a coiled-coil ␣-helical interaction
In the myosin-like model of kinesin, it was therefore of their necks. They are broadly similar to one another;
anticipated that the neck helix would have a similar differences are most apparent in the head-neck juncposition and orientation as in myosin. Recently we comtion and in a moderate reorientation of the neck helices pleted a structure of the monomeric head domain from in order to adopt to the coiled-coil conformation. The rat kinesin (RK354, residues 2-354), which showed betheads show a rotational symmetry ‫)؇021ف(‬ about an ter order and therefore revealed the N-terminal residues axis close to that of the coiled-coil. This arrangement and the beginning of the C-terminal ␣ helix of the neck is unexpected since it is not compatible with the micro- (Sack et al., submitted) . The most surprising result was tubule lattice. In this arrangement, the two heads of the position of this neck, which was diametrically opa kinesin dimer could not have equivalent interactions posed to what one had expected. The structure seemed with microtubules.
incompatible with a lever-type mechanism analogous to that of myosin, and the structure did not reveal obvious Introduction clues on how kinesin might move. However, as in the case of myosin, one could argue that another missing Motor proteins are mechanochemical enzymes that link for models of motility might be hidden in the structranslate the energy of nucleotide hydrolysis into directed ture of the dimer. Most motors of the kinesin family exist movement. The best known motors are those of the in the form of dimers whose conformation might differ myosin family, which move along actin filaments, and from that of the monomers. We therefore studied a dithe family of kinesin-like motors that move along micromeric construct of rat kinesin, RK379, by X-ray diffractubules. Structural information is needed to explain how tion and report the results here. ATP hydrolysis is translated into movement. For actinbased motors, the major breakthroughs were the X-ray structure of the myosin motor domain (Rayment et al., Results 1993a) , the X-ray structure of actin (Kabsch et al., 1990) , and studies of the actomyosin complex by fiber diffrac- Figure 1 summarizes the domain composition of kinesin tion (Lorenz et al., 1993) and image reconstruction (Rayand the secondary structure elements of the motor doment et al., 1993b; Schrö der et al., 1993; main. One can distinguish the head (residues 1-330), al., 1996) . The combination of data has put a molecular neck , several segments of the stalk (up to description of myosin's motility within reach (the swingresidue 910, mostly coiled-coil), and the C-terminal tail ing lever hypothesis; for review see Rayment, 1996; (910-955) . Our initial work (Sack et al., submitted) dealt Holmes, 1997). One important remaining puzzle is the with the head plus the beginning of the neck (up to question why many myosins come in pairs: is their diresidue 354), which was insufficient for dimerization, merization necessary for efficient movement, for regulawhereas the longer construct RK379 dimerizes by virtue tion, or for other tasks? These problems are difficult of coiled-coil interactions. There are ‫5ف‬ predicted hepto answer in structural terms because no structure of tad repeats typical of coiled-coils, with mostly hydimeric myosin is available so far.
drophobic residues in the a and d positions (boxed). Microtubule-based transport has a more recent hisMost of these indeed form the interface between the tory, starting with the observation of ATP-dependent two neck helices, starting at Ala-339 (see below). The head domain contains a core ␤ sheet with five major and several minor strands numbered ␤0-␤10, sandwiched ‡ To whom correspondence should be addressed.
between six ␣ helices (␣1-␣6), three on either side; their § Present address: Institut de Biologie Structurale, 41 Av. des Martyrs, F-38027 Grenoble, France.
position along the sequences is shaded in Figure 1 . The Kinesin contains a motor domain (head), a rod domain (shaded in top diagram, coiledcoil neck, stalk 1, stalk 2, interrupted by nonhelical regions around residues 390 and 580), and a tail. The middle diagram shows the head and neck. Helical regions are dark gray, the main helices are numbered below (␣0-␣7, ␣7 being the neck helix). The ␤-strands are light gray (␤0-␤10). Some of the intervening loops are labeled inside the bar (L4, L11, and L12). Residues numbers are indicated above the bar, as well as regions implicated in nucleotide and microtubule binding (N1-N4, MT1, and MT2; nomenclature following Kull et al., 1996) . The bottom line shows the enlarged neck sequence. Residues that fit the heptad repeats typical of coiled-coils are labeled a and d; hydrophobic ones are highlighted. Note that the hydrophobic nature of the interface is more pronounced in the second half of the neck (Leu-356 and following). The coiled-coil structure is observed from Ala-339 onward.
helix ␣7 is the neck. The core of the motor is similar in and ␤10, all connected to the core sheet by parallel or antiparallel strand interactions. Moreover, our monomer kinesin and the retrograde motor ncd. In our terminology of structure elements, we adhere largely to that of Kull structure had shown that the initial segment of the neck helix points to the left in this orientation, along the plane et al. (1996) , with extensions to accomodate the new features.
of the paper. The same is observed for head A in the dimer, showing that the head-neck junction is not greatly Two views of the structure are presented in Figure 2 . The upper head in Figure 2A (head A, pale colors) is perturbed by dimerization (see below). The neck of the second head B runs roughly in the same direction, such shown roughly in the standard orientation, that is, the core ␤ sheet (blue) is viewed nearly face-on, helices that the two necks include an angle of about 20Њ, which is typical of coiled-coils. Notice that when head A is in ␣1-␣3 are in front of the sheet, and ␣4-␣6 are in the back. In this orientation, the ADP binding site is also in the standard orientation, the initial part of neck A (pale red) lies in front of neck B (red). This restricts possible front (base and ribose shown in orange, phosphates in yellow) while the presumptive microtubule binding site models of motility (see below). The relationship between the two heads is best seen is in the back (green). There are also several features not seen by Kull et al. (1996) because of disorder, namely in the symmetric view of Figure 2B . This is obtained by rotating the standard view 65Њ about the vertical axis, the N-terminal strand ␤0 and the C-terminal strands ␤9 , and ␤6, containing motifs N4, N1, N3 ϭ switch II, and N2 ϭ switch I). The nucleotide (ADP) is shown as a space-filling model (orange ϭ base and ribose, and yellow ϭ phosphates). In the upper head, the ␣ helices ␣1-␣3 are in front and ␣4-␣6 are behind the core sheet, and the neck helix ␣7 runs to the left roughly in the plane of the paper. The lower head B presents a tilted view roughly onto the back side (only a few elements are labeled). Note also that the neck of head A (pink) lies in front of neck B (red). The model includes residues 2-240 and 256-370; residue 1 is missing due to bacterial processing, and residues 241-255 (loop L11) and 371-379 are not visible due to disorder. (B) Symmetric view of the dimer, down the rotation axis (perpendicular to the plane of the paper indicated by the triangle near the beginning of neck A). The structure is rotated about 65Њ with respect to (A) about a vertical axis in the plane of the paper. Thus, the upper head A is seen roughly as in the view of (core ␤ sheet seen roughly edge-on in head A, as if viewed from the right side of Figure 2A ; neck helices pointing away from the observer). Notice that the two heads are related by a rotation of 120Њ. The angle between the rotation axis and the axis of the coiled-coil is about 25Њ. so that the neck helices point away from the observer.
of charged residues with extended aliphatic chains (e.g., Lys, Glu; see residues 340-352), which point away from The structure appears like a V, with the opening of the V to the right. The nucleotide binding regions (purple) the coiled-coil core. This feature is thought to contribute to stability (via the aliphatic chains) while still mainface toward the observer since they lie at the top of the structure in the standard view. This orientation is close taining solubility. The high concentration of charged residues in the initial part of the neck may also be of importo the Kull view, where the core sheet is seen roughly edge-on (see Kull et al., 1996, Figure 1) . The most striking tance in the interaction with tubulin. Another feature unexpected for coiled-coils but also found in GCN4 is feature of the symmetric view is that the two heads are related roughly by a rotation of 120Њ about an axis the hydrophilic residue N353 in an a position at the center of the coiled-coil. Thirdly, there are pairs of perpendicular to the plane of the paper, the opening angle of the V. The symmetric view is therefore equivacharged residues at positions aϪ1 and the following dϩ1 (e.g., K345-K350, K352-K357, and E366-R371). lent to a view down the rotation axis, which is located near the junction of the two necks (passing through the These are placed near one another on one face of the coiled-coil and could therefore have a stabilizing or debeginning of neck A, triangle in Figure 2B ). The rotation axis points about 25Њ away from the coiled-coil axis. stabilizing influence. Finally, an unusual feature is the charged E349 in a d position, which adds another repulSince microtubules do not contain subunits related by a 120Њ rotation, it is clear that the structure of the kinesin sive ionic interaction. This d residue E349 and the a residue N353 are conserved among kinesin-like proteins dimer is not compatible with the two heads binding to the microtubule surface in equivalent positions.
with neck domains, suggesting that destabilization of the coiled-coil may be of functional significance. We can distinguish two types of contacts between the two subunits. One is the extensive interaction beJudging from the sequence, the ␣ helix would be expected to start around L335 since this is the first hytween the coiled-coil neck helices (see below), the other is the local interaction (dotted line) between loop L8b drophobic residue that fits into the heptad repeat (a d position). The observed beginning is at A339, one helical from the A subunit (containing 160 KNR at the tip) and loop L10 from the B subunit (containing 219 ETE). Note turn later. This delayed onset is not due to the dimerization since it is also observed in the structure of the the opposite charges of these protruding loops, which suggests ionic interactions (possibly a salt bridge bemonomer. On the C-terminal end, the electron density largely disappears at W370 and beyond, even though tween K160 and E221, which is however not well defined at our resolution). This could fix the relative orientation the sequence extends to residue D379. This is presumably due to disorder and agrees well with the interruption of the two subunits.
One may ask whether the differences in orientation in of the heptad repeat between W370 and V406. This region is likely to represent the hinge between the neck heads A and B correspond to changes in chain folding. Such differences do exist, but they are remarkably small. and the extended stalk, which is susceptible to proteolytic cleavage and highly flexible (Scholey et al., 1989 ; Figure 3A shows superimposed backbone diagrams of head A (blue) with head B after optimal alignment (red). Hunt and Howard, 1993) . It would therefore not contribute to the dimerization of kinesin. The two chains superimpose well in the head domain (rms deviation between the C␣ positions of the two The charge distribution in the dimer is also remarkable: there is a segregation between positively charged heads is 0.48 Å ), and they begin to diverge at Asn-334, the beginning of strand ␤10. This is accompanied by regions on the back and negative ones on the front surface. This feature-already visible in the monomerrelated changes at the bottom of strands ␤7 and ␤6, to which ␤10 is connected by H bonds. The net result is a becomes even more pronounced in the dimer (Figure 4 ). There is a negatively charged saddle lining the surface change of ‫03ف‬Њ in orientation of the neck helix. A similar picture emerges when we superimpose the monomeric across both heads, formed largely by the exposed acidic residues on helices ␣2, ␣3, loop L6, and loop L10. This kinesin (RK354, green, rms deviation 0.71 Å ). Again, most of the divergence occurs past Asn-334 and in the feature puts strong constraints on possible interactions with microtubules since their surface is strongly negaadjacent ␤ strands. The neck helix of the monomer protrudes roughly in the same direction as that of head A.
tive and therefore would attract positive domains in kinesin. In both structures, the bound nucleotide is ADP, and the binding pocket is indeed quite similar. Notably there is no pronounced rearrangement in the region of the Discussion nucleotide or the switch loops that might reflect different conformational states.
Since we have now at hand an X-ray structure of a The coiled-coil interactions of the necks are illustrated dimeric motor protein, we can ask several questions in Figure 3B . There is a good agreement between the related to the mechanism of motility. For example, since actual structure and the predicted juxtaposition of the the dimer is thought to be the physiologically important heptad positions a and d between residues 339 and unit, can we detect significant conformational differ-370. Note the match of hydrophobic side chains in the ences between the heads? These might shed light on C-terminal half of the neck (L356, I360, L363, and L367), models derived from the kinetics of nucleotide turnover forming a hydrophobic interface that is also responsible and suggesting an interaction between the heads (e.g., for tight dimerization (Morii et al., 1997; Tripet et al., alternating head catalysis and others, Hackney, 1994; 1997) . The kinesin neck contains three features reminisMoyer et al., 1996; Ma and Taylor, 1997). Secondly, since cent of the coiled-coils of DNA-binding proteins such as GCN4 (Alber, 1992) . This includes an accumulation most models of movement assume that both heads of dimer to adopt a coiled-coil structure, without major effects on the motor domain. In summary, from the comparison between the dimeric and monomeric conformations of kinesin, we conclude that the two heads of a dimer are similar when the bound nucleotide is ADP.
Arrangement of the Heads in the Kinesin Dimer and Comparison with Models of Motility
To generate movement, kinesin is thought to undergo conformational changes (within a given head) and in addition change the arrangement of the two heads relative to one another and relative to the underlying microtubule lattice (walking, rotation, etc.). We can therefore ask how the two heads of a dimer could interact with different tubulin subunits in a microtubule lattice. 1993; Walker, 1995; Tucker and Goldstein, 1997) . Thus, (Nicholls et al., 1991) .
if the two heads of a kinesin dimer were to interact equivalently with tubulin dimers, it should be possible a dimer can interact with the microtubule (see Cross, to overlay the kinesin structure with the microtubule 1995; Block, 1995; Howard, 1996) , does the arrangement lattice in some orientation, such that the condition of of heads in a kinesin dimer distinguish between different equivalent interaction is met. This is, however, not posmodels? Finally, how does the crystal structure of the sible. The reasons are apparent from Figure 2B : the two dimer compare with other structural data, notably eleckinesin heads are related roughly by a rotation of 120Њ, tron microscopy and image reconstruction?
which is not present in the microtubule lattice. The arrangement of the kinesin heads is therefore not compatiConformations of the Kinesin Heads ble with current models of kinesin's movement along If we compare the three kinesin heads (monomer of microtubules (reviewed by Block, 1995; Cross, 1995; RK354 and the two heads of the dimer, RK379) the Howard, 1996). overall impression is that the conformation is rather ro- Figure 5 illustrates the discrepancies one encounters bust ( Figure 3A) . Within the motor domain itself, some when trying to fit the observed kinesin structure with minor rearrangements are visible, but most parts of the the microtubule lattice. In Figure 5A , we show an archain superimpose very well. In particular, the agreerangement that one might anticipate for walking models. ment is excellent in the region of the nucleotide binding Here, three kinesin heads are positioned in identical pocket and in the switch regions (Figure 2 ). With the orientations and with a common scale on a microtubule caveat that the resolution of the dimer is only 3 Å , we lattice. The orientation of the kinesin head on the microcan conclude that the dimerization of the head per se tubule surface is not known, but a plausible choice is leaves the conformation nearly unchanged. Since the that of Figure 2A (top) because this puts the putative bound nucleotide is ADP, it is likely that in all three cases microtubule-binding loops in contact with the underlythe observed conformation is that of the detached or ing tubulin (loops L7, L12, as suggested by Kull et al., the weakly bound state of kinesin (Crevel et al., 1996) 1996). To form a dimer, the heads could be paired up and that this conformation does not depend on dimerin at least three ways, side-by-side (black-green), one ization. In particular, we note that the loop L11, conabove the other (black-blue), or diagonally (blue-green) taining a possible microtubule-binding site, is disoracross a unit cell of tubulin dimers, 5 ϫ 8 nm. Two probdered in the three head structures. lems become obvious: neither of the pairing schemes Differences in conformation become more pronounced places the neck helices near one another in register to in the neck helix and in the head-neck junction. The allow a coiled-coil, and the neck helices are tangential simplest description is that the neck helices protrude to the microtubule surface, rather than sticking out toat somewhat different angles. However, considering that ward the observer, as is the case for the lever arm of the neck is only loosely tied to the bulk of the motor myosin (Holmes, 1997). domain and thus might have sufficient freedom to adopt For the side-by-side pairing (black-green), one way many orientations, the close agreement between the out of the dilemma would be to turn the heads 90Њ about three structures suggests that the general orientation the vertical axis so that the neck helices would point of the neck is an intrinsic feature of the head-neck interaway from the microtubule (toward the observer) and action. The observed differences could largely be explained by the propensity of the two neck helices of the nearly in register. By loosening their connection to the have to untie the coiled-coil, allowing each head to detach and reattach at some distance. Indeed, most illustrations of walking models anticipate this because the necks are drawn as if they were free (e.g., Cross, 1995; Hirose et al., 1995) . As a contrast to the previous discussion, Figure 5B shows the observed dimer arrangement, with head A in the orientation as in Figure 2A in order to meet the requirement of microtubule binding at the rear side. It is obvious that the lower head B has a very different orientation from A with respect to the microtubule, and moreover, its microtubule-binding loops face away from the microtubule. Indeed, even if we allow for other orientations, there is no physically reasonable way to move both heads into equivalent binding positions. The constraints are not only the different orientations of the heads, but also the position of the neck and the charge distribution. For example, rotating the dimer into the symmetric view of Figure 2B (similar to Figure 1 or Kull et al., 1996) would force the neck helix to poke into the microtubule surface. Turning this orientation around so that the neck would point away from the microtubule (i.e., toward the observer) would place kinesin's negative saddle (see Figure 4) against the microtubule's negative outside-again, an unlikely scenario. Further problems arise if we think of possible ways of attaching and detaching the head. Imagine, for example, that the lower junction were flexible, see Tripet et al., 1997 ).
(A) shows three kinesin heads (black, green, and blue), which could These conceptual problems would largely disappear be paired up hypothetically into dimers in three ways: side-by-side if we dropped the models of motility that regard the two on neighboring protofilaments (black-green), one above the other on one protofilament (black-blue), or diagonally across two protofilheads as equivalent, such as the walking model. The aments (green-blue). The orientation of the heads is the same, that simplest way would be to view one of the heads simply is, standard view as head A in Figure 2A so that the back surface as a backup structure rather than a motor. It might be (Hirose et al., that are capable of moving with normal speeds (Nan-1996; Arnal et al., 1996) . One head (top) Hackney's model, which explained the different nucleotide interactions of the heads in terms of alternating catalysis, with one head bound and the other free (Hackhead somewhat, one would enable them to join into a ney, 1994; Jiang et al., 1997) . This model has been cited coiled-coil. Such a whole-body rotation is unlikely beto explain the image reconstructions, but it runs into cause it would place the acidic side of the head against contradictions with the observed stoichiometries of the acidic outside of tubulin (see Figure 4) . It is conceivkinesin-tubulin binding (see below). A third view is to able, however, that the neck helices become flexible postulate two distinct binding modes for the two heads, enough by themselves to rotate and join into a coiledpossibly combined with more complex models of motilcoil once the head is attached to the microtubule. But ity such as rolling (Howard, 1996 , patterned after the this poses the next problem: to advance along the mirotary model of the F1-ATPase, see Abrahams et al., crotubule, one head would have to take steps of at least 1994). The rotational symmetry of the kinesin dimer is 8 nm (depending on the model, see Block, 1995; Inoue suggestive in this regard, but thus far there is no strucet al., 1997). How could a head achieve this when it is tural evidence for distinct binding modes of kinesin heads on microtubules. tied down at the base? To solve this problem, one would
In considering the implications of the kinesin strucwith the major lobe axis down in the 6 o'clock direction and the minor lobe axis approximately in the 2 o'clock ture, one should also note two trivial explanations. One is that the observed arrangement of heads in a dimer direction. The two lobes include an angle of ‫011ف‬Њ, which is similar to the 120Њ angle between the heads in is enforced by the packing in the crystal lattice. We believe that artifacts of the crystal packing can be largely our symmetric view ( Figure 2B ). It is therefore tempting to position the kinesin dimer on the microtubule lattice ruled out because the monomeric and dimeric kinesin heads have rather similar structures, even though their in a corresponding orientation so that one generates the 2:30 appearance ( Figure 5C ). This could be done in packing constraints are quite different (data not shown). We have also considered the possibility that the heads only two ways. One could choose an orientation similar to Figure 2B but rotated in the plane so that head A might be sufficiently flexible to pair up with another neighbor in the crystal lattice such that it would fit onto points in the 2 o'clock direction and head B in the 6 o'clock direction. This would mean that the neck helices a microtubule lattice; this case can, however, be ruled out as well. Another possibility is that the observed point into the microtubule wall-an unlikely case. Alternatively, one could turn Figure 2B over (as if viewed kinesin dimer does not bind to microtubules and represents a free, unbound state. We know from other studies through the back of the page) so that the coiled-coil points toward the observer and then rotate it in the plane (e.g., Thormä hlen et al., 1998 ) that kinesin dimers with bound ADP are fully capable to bind and decorate miso that head A points down in the 6 o'clock direction and head B in the 2 o'clock direction as in Figure 5C . This crotubules. It is conceivable, however, that there are changes in the conformation of heads and their arrangewould, however, place kinesin's and tubulin's negative surface ( Figure 4 ) against one another-an equally unment in the dimer upon binding to the microtubule. As discussed above, in order to match the microtubule likely choice. If we took this choice as the lesser evil, it would follow that head A is the bound head (in the lattice, this would presumably involve a major rotation of the two heads and an opening-up of the neck helix.
interpretation of the image reconstructions), with its tip (best seen by the helical turn ␣0) pointing down toward Although this question must remain undecided at present, one could ask where the link between the mechthe microtubule minus end, and the neck helix at the upper end. Since kinesin is a plus-end directed motor, anochemistry and the structure might occur. The hydrolysis of ATP would presumably affect the rest of the it would mean that kinesin would move like a truck backing up, trailer first and engine behind. The second head structure via the regions switch I and switch II (equivalent to N2 and N3 in Figure 1 ), in analogy with myosin B could be free, or it could interact with the neighboring protofilament for additional guidance. or the G proteins (Rayment, 1996; Vale, 1996) . These regions are connected via ␤ strands 6 and 7 to loop L10
The major caveat against this model is that it does not agree with the observed stoichiometry. The image (head B in Figure 2B , containing E221), which bridges over to loop L8b in the other subunit (head A, containing reconstructions of the dimeric kinesin constructs suggest that there are two kinesin heads per tubulin dimer K160), near the putative microtubule interaction site MT1. The connection through the loops could possibly (one bound, one free), while our experiments with binding assays and STEM show only one head per dimer, form, break, or change direction, depending on the bound nucleotide or on the microtubule interaction, and the same as for monomeric kinesin constructs (Thormä hlen et al., 1998) . It is not clear what the origin of the would thus represent an intersubunit switch.
discrepancy is, but one should note that image reconstructions do not measure stoichiometries accurately, Relationship between X-Ray Structure but rather rely on the interpretation of density distribuand Image Reconstructions of Kinesin tions. It is possible, for example, that the minor lobe in Over the past few years, several groups have applied the 2 o'clock direction corresponds only to the extra electron microscopy and image reconstruction to anamass of the dimeric kinesin construct (the neck domain) lyze microtubule walls decorated with different conand not to an entire head. structs of kinesin or ncd (Harrison et al., 1993; Song and In conclusion, the structure of the kinesin dimer pre- Mandelkow, 1993; Hirose et al., 1995; Hoenger et al., sented here provides us with a view of a dimeric motor 1995; Kikkawa et al., 1995) . There is general agreement protein, but does it explain motility? Thus far, the structhat monomeric kinesin constructs (where there is no ture does not positively reinforce a particular model of neck to induce dimerization) bind in equivalent posimotility, but rather confronts us with discrepancies betions, with one kinesin head per tubulin dimer. This tween different experimental approaches and theories. agrees with the preferential binding of kinesin to ␤ tuIn the analogous cases of myosin or G proteins, the bulin seen by chemical cross-linking (Song and Mandel- structures of the partners, their interfaces and switching kow, 1993). Dimeric constructs on microtubule walls mechanisms are known (reviews, Hilgenfeld, 1995; Rayhave recently been analyzed as well (Arnal et al., 1996; ment, 1996; Vale, 1996; Holmes, 1997) . The same infor- Hirose et al., 1996) . Both show two lobes of density. The mation is needed here: in particular, the interaction site major one (interpreted as a bound kinesin head) was between kinesin and microtubules, the conformational near the ridge of a protofilament, similar to the monoswitches associated with ATP hydrolysis, and the strucmeric kinesins. The minor one (interpreted as the second ture of tubulin itself. Given the structure we have at head in an unbound state) pointed up and to the right hand, the simplest explanation is that it represents a (microtubule viewed with its plus end up); the lower state of detachment or an intermediate state where only mass was ascribed to disorder in the free head. The two one of the heads is bound. For a walking model of motility, the coiled-coil of the neck would have to come apart, densities can be likened to the hands of a clock at 2:30, obtain anomalous data, was crystallized under similar conditions.
Experimental Procedures Structure Determination, Phasing, and Refinement
The crystal structure of the dimeric form of rat kinesin was deterCloning, Expression, and Crystallization of the Rat Brain Kinesin Head Domain mined by MIRAS phasing techniques using one mercury derivative and a Seleno-Methionine derivative expressed in E. coli strain The coding sequence of the 379 N-terminal residues of rat kinesin heavy chain was cloned in a derivative of the expression vector B843(DE3) (Doublie and Carter, 1992) . Data were collected at the EMBL/ESRF synchrotron beamline BM14 (Grenoble, France) at difpET-3a (Studier et al., 1990) , modified by introducing a SauI site, a stop codon, and a unique EcoRI site directly upstream of the ferent wavelengths to optimize anomalous scattering. Both derivatives yielded clear anomalous signals (Table 1 ). The Patterson functermination signal of the T7 polymerase (designated pFK1). Plasmid pKHC (ϭcDNA of the kinesin heavy chain cloned in the BamHI site tions of the mercury derivative could be solved using the program package PHASES (Furey and Swaminathan, 1997) , and thus, the of the Bluescript vector pBS-KSII; A. Sperry and S. Brady, personal communication) was digested with BamHI and SauI, and the retwo mercury sites could be determined. Having obtained initial phases, we employed difference methods to determine the positions sulting truncated kinesin heavy chain gene was isolated by agarose electrophoresis and inserted into the pFK1 expression vector at the of 15 of 16 possible selenium sites as well. Although the resulting MIRAS map was interpretable, we decided to improve it using nonsame sites (designated pRK379).
The protein was expressed in the E. coli strain BL21(DE3) in LB crystallographic averaging. As the content of the asymmetric unit is one dimer, the corresponding selenium sites of the monomers in medium containing 50 mg/l ampicillin. After addition of 0.4 mM isopropyl-␤-D-thiogalactopyranoside (IPTG), cells were grown for the initial MIR map were identified. The rotation and translation was refined with the PHASES package, and the density map was another 16 hr at 25ЊC. Packed cells were resuspended in lysis buffer (50 mM PIPES [pH 7.5], 1 mM MgCl 2, 1 mM Na-EGTA, 2 mM DTT, submitted to 2-fold NCS averaging. This resulted in a clearer map from which the polypetide chain could be traced. 1 mM PMSF, and 20 M MgATP), and lysates were prepared using a French press cell. Expressed RK379 was purified from the clarified The model was built using the program O (Jones et al., 1991) ; the selenomethionine sidechains could be identified in the electron lysate by ion exchange chromatography on a phosphocellulose and Mono Q column using NaCl to elute the protein. Fractions containing density with the help of difference Fourier methods. They were used as lighthouses to confirm the correct tracing of the peptide chain. the kinesin motor domain were pooled, concentrated using Ultrafree 30 concentrators (Millipore), and applied to a gel filtration column After one monomer had been built, the position of the second one was obtained by transforming the first part of the model according (G-200 Hiload 16/60, Pharmacia) equilibrated with 20 mM PIPES (pH 7.5), 2 mM DTT, 2 mM Na-EGTA, 1 mM NaN3, and 200 mM to the rotation and transformation obtained before. After that, differences in the C-terminal region of the two subunits became visible. NaCl. Peak fractions were pooled, concentrated to about 30 mg/ ml, and stored at Ϫ70ЊC until used. The SeMet-derivative was ex-
The C-terminal helices were not superimposable so that the second subunit was rebuilt manually. The refinement was performed using pressed in the E. coli strain B843(DE3) using the protocol described by Doublie and Carter (1992) . Purification was done as described the program X-PLOR (Brü nger, 1992) with a simulated annealing
